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Abstract
Introduction This study relates to use of zerovalent iron to
generate hydroxyl free radicals and undergo subsequent
oxidation to destroy 4-nonylphenol (NP) by mild process
in aqueous solution and activation of oxygen gas (O2) at
room temperature. This technology is based on a novel
oxidative mechanism mediated by zerovalent iron rather
than commonly used reduction mechanism.
Materials and methods A laboratory scale device consisting
of a 250 ml pyrex serum vials fixed to a Vortex agitator was
used. Different amounts of zerovalent iron powder (ZVI; 1,
10, and 30 g/l) at pH 4 and room temperature with bubbling
of oxygen gas were investigated.
Results and conclusion Experiments showed an observed
degradation rate k(obs) directly proportional to the amount of
iron. 4-Nonylphenol degradation reactions demonstrated
first-order kinetics with a half-life of about 10.5±0.5 and
3.5±0.2 min when experiments were conducted at [ZVI]01
and 30 g/l respectively. Three analytical techniques were
employed to monitor 4-nonylphenol degradation and min-
eralization: (1) spectrofluorimetry; (2) high-performance
liquid chromatography; (3) total organic carbon meter
(TOC meter). Results showed a complete disappearance of
4-nonylphenol after 20 min of contact with ZVI. The inter-
mediate by-products of the reaction were not identified but
the disappearance of NP was monitored by the three above-
mentioned techniques.
Keywords 4-Nonylphenol .Mineralization . Zerovalent
iron . Oxidative reaction . Free radicals generation
1 Introduction
Alkylphenol ethoxylates (APEs) are one of the most widely
used classes of surfactants. They have been used in domestic
detergents, pesticide formulations and industrial products.
APEs enter the environment primarily via industrial and
municipal wastewater treatment plants (John et al. 2000;
Ying et al. 2002). Studies have found out that APE metab-
olites are more toxic than the parent substances and possess
the ability to mimic natural hormones by interacting with the
estrogen receptors (Hill et al. 2002; Bechmann 1999 and
Sumpter 1998).
4-Nonylphenol (NP) may persist in sediments for many
months. For example, in a freshwater study, the dissipation
half-life (t1/2) of NP in sediments was estimated at 66 days,
and the time required for dissipation of 95% of NP was
estimated at 401 days (Heinis et al. 1999).
Biodegradation is the most important process affecting
the fate of NP and nonylphenol ethoxylate (NPEs; Ahel et
al. 1994). NPEs undergo a two-stage degradation process.
First, step removal of ethoxy groups results in the formation
of intermediate biodegradation products (short-chain NPEs,
nonylphenol ethoxycarboxylates, and NP (4-nonylphenol)).
The second stage involves the ultimate conversion of those
molecules to CO2, H2O, and inorganic salts (Swisher 1987).
In general, biodegradation takes a relatively long time, and
may form intermediate products that can be highly toxic
(Hill et al. 2002; Bechmann 1999; and Sumpter 1998). The
intermediate degradation products are less readily biode-
graded than the parent NPEs, and therefore ultimate biodeg-
radation occurs more slowly (Ahel et al. 1994). Rates of
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biodegradation increase with increasing temperature (Ahel
et al. 1994 and Manzano et al. 1999), and thus they are
season-dependent.
Under anaerobic conditions, NPEs biodegrade into 4-
nonylphenol (4-NP) that is persistent, lipophilic, and tends
to be more bio-accumulative than the parent compounds
(Ahel and Giger 1993 and Ekelund et al. 1993). Sewage
sludge applied to an agricultural land may contain NP,
which can enter the food chain when it was discharged into
waterways. NP is suspected to have hormone-mimicking
properties and is suspected disruptor to the endocrine glands
(Ekelund et al. 1990 and McLeese et al. 1981). It is very
toxic at low concentrations and it was found at high con-
centrations in the environment (Kawasaki et al., 2001).
Therefore, it is essential to develop a rapid and efficiently
method of degradation or removal of this compound. Tradi-
tional ways used to remove NP and organic chemicals from
contaminated water are based essentially on the ozonization
(Kim et al. 2005; Wagner et al. 2002), photolysis (Mielcarek
and Daczkowska 1999; Coly and Aaron 1998; Horikoshi
and Hidaka 2002; Da Silva et al. 2002), biodegradation
(Wang et al. 1998), reduction by iron powder (Bizzigotti et
al. 1997; Ghauch et al. 1999; Rima 1998, Rima et al. 2005).
Removal of NP from wastewater has been studied by encapsu-
lation into cyclodextrin in order to minimize its release into the
environment (Castillo et al., 2001; Bizzigotti et al. 1997). The
solubility of 4-NP in hydroxypropyl-cyclodextrin (HP-CDs)
solutions was investigated in order to evaluate it for soil reme-
diation polluted by NP. Both ozone and activated carbon treat-
ments have been used for removing NP. The degree of
degradation increased with the increasing ozonization time.
Weakly acidic compounds were produced from the 4-NP/HP-
CD inclusion complexes by ozonization. HP-CDs could be
used for the removal of 4-NP from soil (Kawasaki et al. 2001).
The photodegradation of non-ionic surfactants (nonyl-
phenol- and alcohol-polyethoxylates, NPEOx and CnEOx
(mixture of non-ionic surfactants—AEOs, NPEO)) was in-
vestigated in different waters with and without a photoin-
ducter (Fe(III); Castillo et al., 2001).
Gabriel et al. (2005) evaluated the effectiveness of three
advanced oxidation techniques—peroxidase-mediated oxi-
dation, sonication, and Fenton’s reagent-mediated oxidation
on the removal of 4-NP from water and wastewater. The
effect of enzyme concentration, sonication time, Fe2+:H2O2:
NP, solution pH, ionic strength, and presence of a co-
contaminant on NP removal were evaluated. Results indi-
cate that advanced oxidation processes can result in effec-
tive (>95%) removal of NP from water. These techniques
can be used for water treatment or to “polish” the final
effluent at municipal wastewater treatment facilities (Sweeney
and Fische 1972).
Destruction of halogenated hydrocarbons (RX) by
means of using zerovalent metals such as iron (Fe0;
Sweeney and Fische 1972; Sweeney 1981; Senzaki and
Kumagai 1988, 1989, 1991; Gillham 1993; Matheson
and Tratnyek 1994; Rima 1998) is one of the technol-
ogies currently studied for either in situ or aboveground
treatment of groundwater. Fe0 is a mild reductant that
can reductively dehalogenate RX according to the
Eqs 1a–1c. The reaction in the Eq. 1a is thermodynam-
ically favorable (Vogel et al. 1987). (Aruoma 1993)
Since the oxidation of Fe0 to Fe2+, Eq. 1b, is thermo-
dynamically favorable (Weast 1984 and Gutteridge
1984), the reduction of RX by Fe0, Eq. 1c, should be
favorable.
RXþ Hþ þ 2e ! RHþ X ð1aÞ
Fe0 ! Fe2þ þ 2e ð1bÞ
Fe0 þ RXþ Hþ ! Fe2þ þ RHþ X ð1cÞ
In this paper, free radicals were generated according the
following mechanisms
O2 þ Hþ ! HO2
HO2 þ O2 þ Hþ ! H2O2 þ O2
overall O2 þO2 þ2Hþ ! H2O2 þ O2
Hydroxyl radicals (•OH) can be produced according to the
following reaction:
H2O2 þ Fe2þ ! OHþOHþ Fe3þ
The hydroxyl free radical is an extremely reactive oxidizing
agent that will react with most molecules at diffusion con-
trolled rates, which means that reactions will occur
immediately.
However, no report concerning the treatment of organics
or more specifically 4-nonylphenol by free radicals gener-
ated by zerovalent iron.
The objective of this work is to remediate water contam-
inated by toxic organic compounds such as 4-Nonylphenol
by mineralization using rapid and efficient new technology
based on the generation of free radicals by oxidative
reactions.
2 Experimental section
2.1 Chemicals and reagents
All reagents were of analytical grade. 4-Nonylphenol, 2-
deoxy-D-ribose (D), glacial acetic acid, sodium acetate tri-
hydrate, and sodium hydroxide were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). 2-Thiobarbituric acid
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(TBA) was purchased from Fluka AG (Buchs, Switzerland),
and zerovalent iron powder (ZVIP; 325 mesh) was from
Merck (Darmstadt, Germany). ZVIP was washed by HCl
0.1 M to remove impurities from the surfaces of particles
Double-distilled water was deionized with Milli-Q water
purification system (Millipore) and filtered by a Millipak
40 cartridge (0.22 μm) before use.
3 Equipment
3.1 High-performance liquid chromatography
The degradation of NP was monitored on a high-
performance liquid chromatography (HPLC) liquid chroma-
tography using a Hewlett-Packard system (HP1100)
equipped with a mono-channel UV–Visible detector
and an automatic injector. The experiments were per-
formed by UV detector at 260 nm by using a reverse
phase Merck column (Spherisorb ODS 25 μm; 250–
4.6 mm). The flow rate was 1 ml min−1 and the
injected volume was 50 μl. The elution was accom-
plished with water (pH06 using phosphate buffer) and
acetonitrile (9.5/0.5v/v).
3.2 Analysis of total organic carbon
Total organic carbon (TOC) contents were measured
with a Shimadzu TOC Analyzer model 5050A (Japan).
Water was used as blank controls. TOC was measured
before and after reaction. TOC contents of the samples
were determined with catalytic oxidation at 850°C in
presence of O2 and CeO2 followed by acidification with
10% H3PO4. The TOC Analyzer converts organic car-
bon to carbon dioxide by combustion. The carbon di-
oxide is then detected by the non-dispersive infrared gas
analyzer (NDIR). The NDIR generates a detection signal
which is converted to a peak, whose area is calculated
by a data processor.
An aliquot of 250 mL of NP solution (6 mg/L) at pH 4
was mixed with 2.5 g ZVIP. Oxygen gas was bubbling into
the mixture during the course of reaction. By a 3-min
interval, 3 mL of the solution was taken for HPLC, spectro-
fluorimeteric, and for TOC determination. The time of the
reaction was about 20 min.
3.3 Spectrophotometry and spectrofluorimetry
UV–Visible spectra were recorded on a Shimadzu UV-
1601 spectrophotometer (Japan). Fluorescence spectra
were recorded on a Shimadzu spectrofluorimeter
RF-5301 PC series (Japan) equipped with a 150-W
xenon lamp. The pH was measured with a Mettler
Toledo pH-meter.
3.4 Sample preparation
Batches of tests were conducted in 50 mL of NP aque-
ous solution adjusted to pH 4 by using 0.1 M HCl, and
then transferred into glass vials. Each sample contains
0.5 g of ZVIP, while it was bubbled with oxygen gas.
Samples of 3 mL were withdrawn at 0, 3, 6, 9, 15, 20
and 35 min. A volume of 0.5 mL of 1 M NaOH
solution was added to the 3 mL withdrawn from the
batches in order to remove the cationic iron Fe2+ or Fe3+
produced during the reaction in the purpose to avoid
fluorescence quenching by the cationic iron as heavy
external atoms. The same samples were monitored by
HPLC to confirm the degradation of NP.
3.5 Degradation of 4-NP by using ZVIP (zerovalent iron
powder)
A NP solution was placed in a batch reactor consisted
of a 250-ml Erlenmeyer flask sealed with parafilm to
reduce evaporation losses. The solution was adjusted to
pH 4 followed by addition of ZVIP (1; 10 or 30 g/l).
Oxygen gas was bubbled into the mixture. Aliquots of
the solution (3 mL) were withdrawn each 3 min for
analysis.
3.6 Detection of free radicals or demonstration of free
radicals generation from ZVI
Deoxyribose stock solution was prepared at 200 mg/L
(1.5 mM). The final concentrations of deoxyribose
(0.6 mM) were prepared by performing appropriate di-
lution. The ZVI was added to the vial containing
100 mL of deoxyribose solution followed by adjusting
pH to 4. The vial was sealed with a butyl rubber
stopper, and shaken continuously for the duration of
the experiment (3 min). For the analysis, an aliquot of
3 mL of the sample solution was added to 3 mL of
TBA in 15% acetic acid (1% of TBA, w/v). The mix-
ture was heated in a water bath maintained at 100°C for
15 min. After the mixture was cooled, the absorption
spectrum of the mixture was measured.
4 Results and discussion
4.1 Degradation of 4-NP by ZVIP
The mixture of NP aqueous solution with a concentration of
6 pp at pH04 in the presence of 10 g/L of ZVIP, was shaken
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while oxygen gas was bubbled into the solution during the
reaction time. At an interval of 3 min, 3 mL of the solution
was withdrawn for analysis. Figure 1 shows the fluores-
cence evolution of the samples over the reaction period.
These spectra were obtained by excitation and emission
wavelengths at 260 and 305 nm, respectively. After
20 min of the treatment, NP disappeared completely. HPLC
monitoring was also carried out in parallel to the fluores-
cence measurements.
HPLC was used to monitor the evolution of NP by
observing the chromatograms obtained during the reaction.
It was shown that the 4-nonylphenol appeared at retention
time Rt012 min. After 6 min of reaction, results show a
decrease of 60% of4-nonylphenol concentration. At 20 min
of reaction, the NP become undetectable.
For any particular amount of iron, NP degradation under
oxidation conditions exhibits pseudo first-order decay with
a linear dependence of Ln[C0/C] on time. Figure 2 shows a
linear dependence of rate of NP degradation on the amount
of iron is observed.
As can be seen in this figure the NP disappearance rate is
strongly dependent on the amount of iron which affects the
degradation rate observed (kobs) of NP, presumably because
the reactive Fe0 site concentration increases proportionally
with Fe0 concentration. The linear regression of kobs versus
Fe0 content was kobs00/004[Fe
0 content (g/l)]+0.0076
Table 1 summarizes the results obtained for the degrada-
tion rates in function of the mass of iron. Half- life time of
NP decreases from 10.5 to 3.5 min by increasing the amount
of iron from 1 to 30 g/l.
4.2 Effect of the presence of oxygen
The degradation of NP was examined both under deoxygen-
ated by purging nitrogen in the reactor and in the presence of
air or 100% oxygen. Experimental data show little removal
of NP in pH04 solutions in the absence of oxygen while
71% removal was observed over 6 min when sample was
bubbled with air or oxygen and when the amount of iron is
30 g/l. Removal was further enhanced when the suspension
was bubbled with pure oxygen.
The presence of oxygen in the degradation process lead
to the hydroxyl free radicals according to our hypothesis
proposed in the introduction
Fe0þO2ðaqÞ þ2Hþ ! Fe2þþH2O2 ! Fe3þþOHþ OH
Free radicals þ Organics! Mineralization
However, under nitrogen gas, the oxidative reaction cannot
be observed due to the unfavorable free radicals formation.
4.3 Detection of free radicals
The reaction of deoxyribose and hydroxyl free radical has
been discussed extensively in the literature (Aruoma 1993;
Gutteridge 1984; Halliwell and Gutteridge 1981; Halliwell
1978; Kosugi et al. 1987) Hydroxyl radicals attack deoxy-
ribose to form products that react with TBA upon heating at
low pH and yield a pink chromogen. Figure 3 presents the


















Fig. 2 Effect of the amount of iron on the NP degradation rate using 1,
10, and −30 g/l of zerovalent iron powder (325 mesh) in aqueous NP

























Fig. 1 Evolution of 4-nonylphenol fluorescence spectra with the time
of reaction during the contact with zerovalent iron powder 10 g/L, pH0
4, with oxygen. Times of the reactions are: 0, 3, 6, 9, 12, 15, 20 min,
respectively, from top to bottom (a, b, c, d, e, f, g)
Table 1 Kinetics of NP degradation (6 ppm) in function of the mass of
iron powder
Mass of iron (g) Linear equation kobs (min
−1) R2
0.1 y00.066x+0.047 0.066 0.994
1 y00.137x−0.026 0.137 0.992
3 y00.198x+0.018 0.198 0.998
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of deoxyribose and hydroxyl free radicals generated from
zerovalent powder followed by reaction with TBA. Thio-
barbituric reactive substances are the low molecular weight
end products, whose main component is malondialdehyde
that are formed during the reaction.
Figure 4 shows the absorption spectrum of chromogen
formed, which is identical to the spectrum of malonaldehyde
bis-dimethylacetal (MDA)-TBA adduct (i.e., chromogen)
obtained by Kosugi et al. (1987). There is one possibility
to transform deoxyribose to MDA, which must be derived
from a reaction between deoxyribose and hydroxyl free
radicals. Hydroxyl free radicals are generated from ZVIP
in aqueous buffer solution at an acidic condition (e.g.,
pH 4).
In this section, we demonstrated that when zerovalent
iron powder was mixed in aqueous solutions at pH less than
6 and under oxygen gas, the free radicals can be generated
and indirectly observed by its reaction with TBA and chro-
mogen formation as previously described.
The free radicals generated according to the mentioned
conditions (acidic pH, presence of oxygen gas and the use of
zerovalent iron powder) should be able to mineralize the
organic present in the aqueous solution such as NP.
4.4 Total organic compounds measurement
In the TOC test, the production of carbon dioxide is mea-
sured upon complete oxidation of organic material through
combustion at high temperature. The carbon dioxide mass is
indicative of the mass of organic carbon initially present in
the sample and the CO2 released during the oxidization of
organic carbon determining the total organic carbon level
Total organic carbon were measured in NP solutions in order
to follow the disappearance of the NP while the carbon
dioxide is then detected by the NDIR to show the conver-
sion of NP into carbon dioxide or to show the fate of the NP
at the end of the reaction.
Figure 5 shows plots of NP dissipation and carbon
dioxide emitted over the course of reaction. The results
show the production of carbon dioxide as decreasing
TOC and the rate of the NP degradation, which
indicates that after 20 min, more than 98% of NP
disappeared.
5 Conclusion
We demonstrated that ZVI generates free radicals in aque-
ous solution at acidic pH and in the presence of oxygen.
Organic chemicals such as NP can be mineralized by the
free radicals with a relatively short period of time. 4-
Nonylphenol degradation reactions demonstrated first-
order kinetics with a half-life of about 10.5±0.5 and 3.5±
0.2 min when experiments were conducted at [ZVI]01 and
30 g/l respectively. This process provides different advan-
tages by increasing the rate of the reaction by the environ-
mentally friendly way of treatment converting the toxic
compounds into carbon dioxide and water. The process is
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Fig. 4 Absorption spectrum of chromogen (1max at 532 nm). An
aliquot of 3 mL of TBA was added into an equal volume reaction
mixture of iron and deoxyribose in a solution pH04, and then was


































Evolution of NP and CO2 in solution in function of reaction time
NP micro M
CO2 micro M 
Fig. 5 4-Nonylphenol degradation and carbon dioxide formation: On
the Y axis, we plot the decreasing of NP at the left side. At right side,
we plotted the increasing of carbon dioxide. In the X axis, we present
the time in minutes
Fig. 3 Proposed mechanism of chromogen formation from reaction of
deoxyribose and hydroxyl free radicals generated from zerovalent iron
followed by reaction with thiobarbituric acid (TBA; thiobarbiturate
reactive substances (TBARS) are the low molecular weight end prod-
ucts, whose main component is malondialdehyde, that are formed
during the reaction)
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